This report provides additional evaluations of two methods to scale icing test conditions; it also describes a hybrid technique for use when scaled conditions are outside the operating envelope of the test facility. The first evaluation is of the Olsen method which can be used to scale the liquid-water content in icing tests, and the second is the AEDC (Ruff) method which is used when the test model is less than fill size. Equations for both scaling methods are presented in the paper, and the methods were evaluated by performing icing tests in the NASA Lewis Icing Research Tunnel (IRT). The Olsen method was tested using 53-cm-diameter NACA 001 2 airfoils. Tests covered liquid-water-contents which varied by as much as a factor of 1.8. The Olsen method was generally effective in giving scale ice shapes which matched the reference shapes for these tests. The AEDC method was tested with NACA 00 12 airfoils with chords fiom 18 cm to 53 cm. The 53-cm-chord airfoils were used in reference tests, and 112-and 113-scale tests were made at conditions determined by applying the AEDC scaling method. The scale and reference airspeeds were matched in these tests. The AEDC method was found to provide fairly effective scaling for 112-size tests, but for In-size models, scaling was generally less effective. In addition to these two scaling methods, a hybrid approach was also tested in which the Olsen method was used to adjust the LWC after size was scaled using the constant-Weber-number method. This approach was found to be an effective way to test when scaled conditions would otherwise be outside the capability of the test facility.
Introduction
This paper reports an evaluation of three methods to scale icing test conditions. The Olsen method1, which allows the LWC to be scaled, and the AEDC method of R&, which permits the model size to be scaled, have been evaluated previously'. A hybrid technique is also described and tested; it combines the Olsen method with a size-scaling method. Ice shapes obtained during icing tests in the NASA Lewis Icing Research Tunnel (IRT) will be shown, and comparisons made between scaled tests and reference tests.
Both the Olsen and AEDC methods were developed using traditional scaling approaches. In 1995 a constant-We method was proposed by Bilanin and hderson3 which expanded on the traditional methods by adding the requirement that the scale and reference Weber number, We, match. While the method appeared to be effective, it had the disadvantage of requiring increasing airspeeds as model size was reduced. A futher evaluation of this method is given in reference 4. For many scaling situations, the restrictions of the constant-We method may not be acceptable, and other methods are required. This paper was motivated by this need.
The Olsen method applies to icing tests in which the facility is not capable of delivering the required cloud liquid-water content, LWC. Simply adjusting the accretion time, r, to maintain the product L WCxr constant, as is frequently done, was shown in reference 1 to be inadequate if the shape of the ice is important. The Olsen method adjusts the temperature such that the fieezing fraction, ns, of the scale test matches that for the desired LWC. Reference 1 evaluated this method using cylinders of various diameters in the IRT. The present study expanded on that evaluation using NACA 0012 airfoils. Tests using the constant-LWC-x-time approach were also made, and results using the Olsen method will be compared with those using constant L WC x time.
The AEDC scaling method was derived by RUB^ for use when the model must be less than 1 1 1 size. This method permits the choice of scale airspeed as well as sue, and past evaluations of the have used scale velocities reduced from the reference values. Because airspeeds often do not need to be scaled, the study reported here evaluated the AEDC method with the scale velocity matched to the reference. This paper presents the scaling equations for both the Olsen and AEDC methods. Results are given for tests of these procedures and of a hybrid method which combined the Olsen method with the constant-We method. The icing tests used NACA 001 2 airfoils of 53.3-cm (21 -in) chord as the reference size. For reduced-size tests, models of 26.7-cm (10.5-in) and 17.8-cm (7-in) were used. Icing tests were conducted in the NASA Lewis Icing research Tunnel (IRT) with cloud conditions chosen to provide both rime-and glaze-ice accretions. Test airspeeds were 67 and 89 d s (1 50 and 200 mph).
Description of Experiment

NASA Lewis Icing Research Tunnel
The IRT is shown in Figure 1 . It has been described in reference 5. The IRT has a test section width of 2.7 m (9 A) and a height of 1.8 m (6 ft.) It is capable of operation at test-section airspeeds up to 160 m/s (350 mph.) A refiigeration system permits accurate control of the test-section temperature from -40 to 4OC (-40 to 40°F .) A water-spray system with 8 spray bars provides the ability to control test-section liquid-water content from .2 to 3 dm3 and droplet median volume diameters from 15 to 40 pm.
Two sets of spray nozzles, known as the mod-1 and standard nozzles, are used in the IRT to provide different ranges of liquid-water content and droplet size6. For these tests, only the mod-l nozzles were used.
Test Hardware Ice accretion was measured on NACA 00 12 airfoils mounted in the center of the IRT test section. The airfoils had chords of 53 cm (21 in), 27cm (10.5 in) and 18 cm (7 in) . The 53-cm-chord airfoil was made of fiberglass while the 27-and 18-cm-chord airfoils were machined from aluminum. Figure 2 shows the 53-cm-chord model as it was tested in the IRT. It was a full-span model mounted on the IRT turntable. Figure 3 shows the 27-cm-chord airfoil in the IRT test section. This model had a span of 122 cm (48 in) and was supported by stands mounted to the floor and ceiling of the tunnel. To protect , the airfoil from the transient icing spray cloud when the spray was initiated, a retractable shield was used. In Figure 3 (a) the shield is in the raised, test, position, and in 3(b) it is lowered to prevent ice accretion during spray stabilization. The span and installation for the 18-cm-(7-in-) chord airfoil was identical. The shield could not be used with the 53-cm-(21-in-) chord airfoil because of mounting constraints.
All tests were made with the airfoils at O0 angle of attack.
Test Procedure Tests were performed by first establishing the desired velocity and temperature. Water spray was then initiated. When the shield was used, it was raised when the spray conditions had stabilized, and the spray t i e r was started at that time. When the shield was not used, the spray time was started when spray was initiated, but because the spray LWC had to ramp up from zero the spray time was increased by .2 min for these tests. When the prescribed spray period was completed, the spray was shut off and the tunnel brought to idle to permit personnel enhy into the test section to trace the ice shape.
The ice shape was recorded by first melting a thin slice through the ice normal to the model span-wise axis. The shape was then traced onto a cardboard template. These shapes were later digitized for computer storage of the coordinates for preparation of comparison plots. After the ice shape was recorded, the model was cleaned and the procedure repeated for the next spray condition.
Sprav Stability For each of the tests, tunnel and cloud conditions were recorded at Zsec intervals. Recording started with the initiation of the icing cloud for tests in which the model shield was not used (i.e., tests with the 53-cm-(2 1 -in-) chord airfoil only) and with the lifting of the shield in all other tests. These data provided a means of determining the time to stabilize the spray in the case of the non-shielded tests and they also gave a check of the stability of the icing spray for both shielded and non-shielded starts.
Examples of these data are given in reference 4. For unshielded tests, the average liquid-water content reached the desired level ' in about 30 sec. After about a 3% overshoot of the LWC, stability at the set condition was reached in about 2 min. This initial transient was taken into account by increasing the spray -time by .2 min. When this was done, the integrated product of LWC and time over the entire spray duration was within *2.5% of the product of the desired L WC and time. For tests with the shield, the typical range of LWC variation after the shield was raised was less than * .4%.
Typically about 3 min was required to achieve the required drop size with good stability when the shield was not used. For 95% of the spray time, the drop size was within * 3 p of the correct value. For tests using the shield, the typical variation of MJD was less than . S p once the shield was raised to expose the model to the icing cloud.
I
The velocity was computed from the total pressure and the totalstatic differential pressure measured with each of two pitot probes located on either side of the entrance to the IRT test section. One pitot probe gave approximately .7 rn/s (1 .S mph) higher velocity readings than the other. For the unshielded tests velocity variations throughout the test were less than *1.3 mls (i3 mph).
When the shield was used to protect the model fiom the icing cloud during spray stabilization, the test-section blockage was higher with the shield lowered than when it was raised. This change required the tunnel operators to adjust the velocity when the shield was raised, and the velocity stability exhibited in the unshielded tests was never achieved. Fluctuations for the shielded tests were as much as *2.S d s (*S mph).
Measurement Uncertainty All test conditions reported are averages taken over the duration of the test. For tests without the shield the average values of parameters were obtained after the stabilization of cloud conditions. Considering both the inaccuracy of the transducers used in the measurements and the fluctuations with time, the typical uncertainty in the liquid-water content was found to be less than rt2.2%, in the median volume diameter, less than *I 2.7%, and in the tunnel airspeed, less than idyo.
The tunnel temperature was the average of 1 1 thermocouples located on the turning vanes just upstream of the spray bars. These thermocouples have an uncertainty of about .6"C (il°F). Furthermore, there is some stratification of temperature in the tunnel as shown in reference 4. While the fluctuation of temperature with time was not great, there was a large variation from location to location. In this study, the test section temperature was not independently determined, and the temperatures reported here were found by averaging the 1 1 turning-vane thermocouples. Thus, although some mixing of the flow may reduce the stratification, the uncertainty in temperature for some test runs could have been as much as * 3°C (fi°F). In equation (3), r is the recovery factor, taken as .875 in this study, and the factor .693 gm Ktjoule is the ratio of the evaporative to the convective heat transfer coefficient.
The convective heat-transfer coefficient which Olsen used in equation ( The complete set of equations needed to calculate &have also been given in reference 1.
Equations (2) and (3) must be solved iteratively to find the static temperature. Although the Olsen method is not as simple to use as the constant-L WC-x-time method, the greater rigor of the Olsen analysis was shown in reference 1 to provide improved reproduction of ice shapes when L WC is varied.
AEDC Method The AEDC scaling analysis was developed by R&* for tests in which the model size and, ifnecessary, the test velocity differ from the desired, or reference, tests. Ruffderived his scaling equations by equating the scale and reference droplet trajectories, the accumulation parameters and the heat balance. It gives results similar to those for the modified French analysis discussed in reference 1. For this study, in which the scale velocity was equated to the reference, the scaled conditions which resulted from application of the AEDC method were identical to those which would have been found fiom using the modified French method.
The scale and reference droplet energy transfer terms in the
The scale drop size, Ss, was found in this study by solving ~essinger' equation were matched to find the static scale equation (a), using equations (9) -(I I), iteratively.
temperature:
The scale liquid-water content, LWCs, was determined by The scale static pressure was found from the total pressure for the test facility:
and The droplet size was found by matching the particle trajectories.
RUE did this by equating the scale modified inertia parameter, K& of Langmuir and ~logett' to that of the reference case:
Kos 'KO$ In equation (14), the vapor pressure, p,,,@ is the vapor pressure at the surface temperature, tsufl In this study, it was assumed that tsud= 0°C. Reference 10 published curve fits for the vapor pressures of water over ice and over water. These fits were used in this study to evaluate B&om equation (14).
Equations (12) -(14) then gave the scale LWC for the AEDC method.
Finally, the time the model was exposed to the cloud was found by matching the scale and reference accumulation parameters, -and AcR. Thus, the scale icing time was Hvbrid Method Occasionally, the liquid-water content found after applying one of the methods for scaling size is not within the operating capability of the test facility. For this situation a hybrid-scale test can be performed by choosing a new scale liquid-water content that's within facility capabilities, then adjusting the temperature by applying the Olsen method. Tests of this hybrid approach were made using the constant-Webernumber method described in reference 4 with the Olsen method. The constant-Weber-number method was chosen for this study because it has been demonstrated el~ewhere~*~ to provide ' effective scaling for most situations. Table I shows the four test cases used to evaluate the Olsen method. Conditions for the constant-LWC-x-time method are also shown, and results for this method will be presented for comparison with the Olsen method. All tests were made using a 53.3-cm-(21 -in-) chord NACA 0012 airfoil. Cases 1 and 2 involved selecting scale liquid-water contents which were .8 and 1.4 times the reference L WC. For both cases, the airspeed was 67 d s (1 50 mph), hKD, 30 pm and reference L WC, 1 glm3.
Scaling Conditions
The reference static temperature for case 1 was -12.2"C (1 0°F) which gave a reference freezing fraction of .48. For case 2 the reference static temperature was -6.7"C (20°F); this increase of temperature over that of case 1 reduced the reference hezing fraction to .26. As noted above, the constant-LWC-x-time method matches the scale and reference temperatures; consequently, the scale freezing fractions do not match the reference. The Olsen method, however, adjusts the scale temperature so that the scale freezing fraction will match the reference.
Cases 3 and 4 in Table I With a reference static temperature of -1 5°C (S°F), case 3 had a reference freezing firaction of .7 1. For case 4 the reference static temperature was -6.7"C (20°F) which gave a reference freezing fraction of .28.
The scaling conditions chosen to evaluate the AEDC method are given in Table 1 1 . For this study, tests were made with a 53.3-cm-chord NACA 00 12 airfoil as the reference model for all cases. Scale tests were made with both a 26.7-cm-(10.5-in-) chord and a 17.8-cm-(7-in-) chord 0012 to evaluate 112-and In-size scaling, respectively. For all cases, the scale airspeeds were equal to the reference values. A r e f e r e n e m of 40 pm was chosen for all 6 test cases to insure that scaled MPD's were above the minimum achievable in the IRT. Cases 1-4 used an airspeed of 89 m.s (200 mph) and a reference LWC of .55 dm3.
These 4 cases differed only in temperature, and, therefore, freezing fraction. Cases 5 and 6 were tests with airspeeds of 67 d s (1 50 mph) and a reference L WC of -65 glm3. The test conditions gave a range of freezing fractions from .48 to .82. Table 111 shows the two cases studied which involved hybrid scaling. The reference tests for both cases were made with a 53.3-cm-(2 1 -in-) chord NACA 001 2 airfoil, an airspeed of 67 d s (150 mph), a n M 4 l of 30 pm, and an LWC of 1 g/m3.
Note that case 1 had the same reference condition as case 1 in Table III) , the L WC which resulted, 1.16-1.17 dm3, was outside the IRT operating envelope for the r e q u i r e d m . However, a reduction of the scale L WC firom 1.17 to .8 glm3 gives a set of conditions which can be tested in the IRT. The conditions in the third line for each case resulted from applying Olsen scaling to find the appropriate temperature to test at .8 glm3. For this evaluation, tests were made using the reference conditions and the hybrid scaling in line 3 for each case.
Results
The ice shapes recorded for the reference and scaling conditions of Tables I, II and III will be given here. The average conditions recorded for each test differed somewhat from the desired conditions, and these averages will be presented with each figure. Ice shapes were recorded at two locations along the model span: at the span-wise center of the tunnel (91 cm (36 in) from the floor) and at 20 cm (8 in) above the center. Results at both locations will be given.
For tests with reduced-size models, the ice-shape coordinates have been divided by the appropriate scale factor to permit direct comparison of scale and reference ice shapes.
Olsen Method Figures 4 and 5 give the reference (solid lines) and scale ice shapes for the test conditions of case 1 in Table I . above the tunnel center. The constant4 WC-x-time method produced ice shapes which matched fairly well when the L WC was scaled from 1 to .8 dm3, but the 1 .4-glm3 ice shape did not agree well with the 1 -g/m3 reference shape at either location. When the Olsen method was used, however, ice shapes at both .8 and 1.4 g/m3 matched the reference shape well at both locations.
Results for case 2 in Table I are given in Figures 6 and 7 for the constant-L WC-x-time and Olsen methods, respectively. This was a wanner condition than that of case 1, and the horns shown in figures 4 and 5 are no longer apparent. The constant-LWC-xtime method provided only approximate matches of the reference ice shape for both scaled LWCs. The Olsen method gave somewhat better, but not perfect matches. In general, it has been found that warm glaze conditions such as this often give ice shapes that are diicult to reproduce1. This may be due in part to the fact that ice shapes are very sensitive to temperature at temperatures approaching freezing, and the differences between reference and scale temperatures were less than the uncertainty in temperature measurement. Thus, the quality of the Olsenmethod match may be as good as can be expected until improved temperature measurement can be achieved. Figures 8 and 9 show the ice shapes for a mixed-ice condition. Again, it is evident that the Olsen method ( Figure 9 ) provided more effective scaling than the constant-L WC-x-time method (Figure 8) . However, the constant-LWC-x-time method appeared to scale adequately from an LWC of .7 to a value of 1 dm3.
Finally, case 4 of Table I gave the ice shapes of Figures 10 and 1 1. These conditions again produced a warm-glaze ice similar in appearance to that in Figures 6 and 7 (case 2) . The constant-LWC-x-time method (Figure 10 ) gave reasonable agreement between the .55 and the .7 dm3 tests, but the 1 -g/m3 shape did not match the other two. The scale ice shapes for the Olsen method (Figure 1 1) were only approximate matches of the reference, but, again, the agreement is probably as good as the ability to reproduce shapes at such conditions. AEDC Method Case 1 in Table I1 gave a mixed-ice accretion as shown in Figure 12 . For these conditions the AEDC method produced scaled ice shapes for both the 112-and 113-size tests which fairly faithfully matched the reference shape.
For the test. whose results are presented in Figure 13 (case 2 in Table I I ) , the temperature was raised 3°C (5°F) over that for Figure 12 . A horn-glaze ice shape was produced by the reference conditions. This shape was only approximated by the scale test. at 112 and 1 0 size with horns less distinct than the reference.
Another horn-glaze case is given in Figure 14 . This represents the results for case 3 in Table I . Here the temperature has again been increased 3°C (5°F) over that of case 2 ( Figure 13) . At both the tunnel center and at the 20-cm-(8-in-) above-center location, the reference and 10-size scale ice shapes nearly matched while the 1 /3-size shape produced a shape with a much greater horn angle than the reference.
With a final increase in temperature (case 4 in Table I I ) , the warm-glaze shape shown in Figure 15 was produced. Given the difficulty in repeating ice shapes at warm-glaze conditions, the shapes fiom both the 1/2-and ID-size scaling tests appeared to match the reference shape fairly well.
Results for the fifth case in Table II are shown in Figure 16 .
Both the 112-and 1/3-size scale tests gave shapes that failed to reproduce the distinct horns of the reference shape. However, the two scale tests gave shapes that matched each other fairly well, and they reproduced in approximate form the general shape and size of the reference shape.
Finally, Figure 17 shows the ice shapes for case 6 in Table 11 . This case is a repeat of case 5 except that the temperature has been raised 3°C (5°F). Once again, the 112-and ID-size scale tests gave shapes that matched each other but neither accurately reproduced the reference shape.
In reference 4 the constant-We scaling method was evaluated using many of the same test cases used here for the AEDC method. A comparison of the results from those tests indicates that the AEDC method was generally less effective in matching reference ice shapes than the constant-We method.
b
Hvbrid Method The hybrid method tested involved application of Olsen scaling to the results of the constant-We method of reference 3 to provide an alternate L WC to the value required by , that method. For this study, the constant-We method was applied to scale to 1/2 size, then the Olsen method was used to reduce the test LWC to .8 g/m3. Only two cases will be presented.
Results for case 1 in Table I11 are given in Figure 18 . The reference conditions for this case were the same as for case 1 of Table I . At the tunnel center, the scale ice shape matched the reference at least as well as the Olsen method; those results were given in Figure 4 . At the 20-cm-(8-in-) above-center location, the scale shape was not as successfi.d at reproducing the reference.
A warmer condition is shown in Figure 19 . This figure gives the result for case 2 in Table 111 . For this case, the distinct horns of the reference shapes of Figures 4 and 18 have been lost. The 112-size scale test correctly reproduced the reference shape at both the tunnel center and 20-cm (8-in-) above-center locations.
For all the scaling results presented, the uncertainty in temperature measurement is a concern, particularly for the warmer glaze conditions. As shown by the Olsen scaling results, changes in temperature of a few degress can have a noticeable effect on ice shape. With better control of temperature, it is possible that scale ice shapes would have matched reference shapes better. Although uncertainty in drop size was large, this factor was judged to be less critical than temperature.
Concluding Remarks
Tests have been made to evaluate three methods to scale icing test conditions. The first was the Olsen method which provides an adjustment for the temperature to maintain a constant freezing fiaction when the liquid-water content is varied. All other scale parameters, including size, match the reference values. It is applied to situations in which the desired L WC cannot be tested due, for example, to test facility limitations. The second method was the AEDC method developed by Ruff. This method permits the use of reduced-size models for testing, and the user may select a test airspeed. For this study, the scale airspeed was equated to the reference value. Finally, the third method was a ' hybrid scaling approach in which the constant-We method of reference 3 was applied, then the LWC was altered using Ule Olsen method.
All tests were performed with NACA 001 2 airfoils at 0' angle of attack. The reference tests used a 53.3-cm-(21 -in-) chord model and reduced-size tests used 26.7-cm-(10.5-in-) and 17.8-cm-(7-in-) chord models. Test conditions produced a variety of ice shapes including mixed, horn-glaze and warm-glaze. Reference tests were performed, the ice shape recorded, scaled tests made and the scale ice shapes compared with the reference. The evaluation of the scaling methods was based on how well 4 the scaled shape matched the reference shape.
The OIsen method was tested with scale L WCs which ranged from -8 to 1.8 of the reference LWC. This method produced ice shapes which generally matched the reference shapes for all types of ice tested. These results were compared with some fiom the more-commonly used law, L WC x time = constant. The laner approach was generally less successful than the Olsen method, but is sirnpIer to apply. In situations for which a fairly accurate prediction of ice shape is not required, and for small changes in LWC fiom the reference value, LWC x time = constant may be useful. When the scale LWC is significantly different h m the desired value, or when the scale ice shape must give a fairly accurate prediction, the Olsen method is superior. It requires only that the scale temperature be adjusted so that the scale freezing fraction match that of the reference case.
The AEDC method was found to give scaled ice shapes that usually approximated the reference for 112-size scaling. When the model size was reduced to 1 /3 the reference, the resulting ice shapes tended to be poorer simulations of the reference shapes. It's worth noting that for the constant-velocity scaling of this study the modified French method described in reference 1 would have given scaling conditions identical to those for the AEDC method.
While the AEDC method did not simulate the reference ice shape as effectively as the constant-We method evaluated in reference 4, it has one notable advantage: the constant-We method requires a scale velocity that increases with decreasing scale size. This characteristic makes it diicult to use the constant-lye method when tests at high airspeeds are to be simulated. When model size does not need to be scaled to less than half the reference size, the scale and reference velocities can be matched, and the scale test does not need to give an exact simulation of the reference ice shape, the AEDC method (or, equivalently, the rnodi i i ed French method) should be considered.
The last method evaluated was a hybrid method using both the constant-We method and the Olsen method. It is often the case that when a scaling method is used to determine appropriate reduced-size test conditions, the resulting LWC is not within the operating envelope of the test facility. The remedy is to choose an L WC which is within the facility envelope and is close the originally-scaled L WC. The originally-scaled temperature can
. then be adjusted using the Olsen method such that the same freezing fraction is achieved. Tests using this hybrid approach confied the validity of this technique when applied along with the constant-We method.
temperature is needed to yield greater confidence in the results of scaling tests. In this study, the uncertainty in tunnel temperature was as much as *3"C (*6"F). Temperature changes of this magnitude can have a measurable effect on ice shape.
The scaling methods described here are only applicable to tests of straight-wing sections; an understanding of the physics of ice accretion on swept wings has not yet been developed, and this understanding is needed before swept-wing scaling methods can be formulated Table 11 . Table 11 . Table 11 . Table 11 . (a) Ice Shapes at Tunnel Centerline. Table 111 . Table 111 .
